Colorectal cancer (CRC) is a common epithelial neoplasia across the globe, with about 1.2 million newly diagnosed cases and over 600,000 mortalities annually. The underlying causes are numerous including dietary ingredients, environmental factors and gut metabolome that affect colon cellular gene regulation and post-translational modifications of the proteome. Collectively, these alterations initiate epigenetic modifications leading to the inception of various metabolic diseases and malignancies. Epigenetics is at the core of modern medicine since it deals with complex processes that turn the expression of certain genes on and off, and it elucidates the mechanisms and connections between genotypes and the environment during various stages of life. However, the majority of the vertical molecular mechanisms with reference to epigenomics, epigenetic and metabolic ailments are still unidentified and need further research. This article summarizes the burgeoning role of probiotic metabolites and some prominent therapeutic dietary ingredients in the management of CRC.
Introduction
Health and diseases are largely driven by acquired genetic changes. Research insights have signified that every phenotype is a consequence of a complex interaction between genes, genotypes, epigenome and environmental factors.
Cancer initiation and progression is controlled by both genetic and epigenetic mechanisms. Tens of millions of individuals identified with colon polyps are at increased risk for colon cancer. According to the American Cancer Society [1] , colorectal cancer (CRC) is the second most lethal cancer; 50,830 people are predicted to die of colon cancer in 2013. Pieces of evidence have been obtained that diet and environmental factors directly or indirectly influence epigenetic mechanisms associated with colon cancer development. The inhibition of histone deacetylase (HDAC) activity and the disruption of the HDAC complex are some of the basic mechanisms involved [2, 3] .
Epigenetic Overview of CRC
Epigenetics is generally referred to as the study of mechanisms that alter gene expression without altering the primary DNA sequence. Epigenetic mechanisms are heritable and reversible and involve changes in DNA methylation, histone modifications and small noncoding microRNAs (miRNAs) [4] . Different chemical modifications of DNA and histones have been found to have an intense impact on gene expression, and to be authentically copied through mitosis.
Modern science uses epigenetic alteration as a molecular tool for finding and treating diverse diseases including cancer. Over the past decades, epigenetic studies have mainly focused on embryonic development, aging and cancer. Presently, epigenetics is also highlighted in many other fields, such as inflammation, obesity, insulin resistance, type 2 diabetes mellitus, cardiovascular diseases, neurodegenerative diseases, and immune diseases. As epigenetic modifications can be altered by external or internal environmental factors and have the ability to change gene expression, epigenetics is now considered an important mechanism in the unknown etiology of many diseases. Such induced epigenetic changes can be inherited during cell division, resulting in the permanent maintenance of the acquired phenotype.
Cancer is a multistep process derived from combinational crosstalk between genetic alterations and epigenetic influences through various environmental factors [5] [6] [7] . In the nutritional field, epigenetics is exceptionally important, because nutrients and bioactive food components can modify epigenetic phenomena and alter the expression of genes at the transcriptional level [2, 8, 9] . Several mechanisms are part of the epigenome which includes DNA methylation, histone acetylation, poly-ADP ribosylation and ATP-dependent chromatin remodeling. Epigenetic mechanisms controlling gene transcription are often involved in cell proliferation, differentiation and survival, and are casually linked with malignant development. Alterations in epigenetic processes including chromatin modifications, such as DNA methylation and histone acetylation, are common targets studied in cancer epigenomics [6, 10] . It has been shown that half of all tumor suppressor genes are inactivated in cancers, more often by epigenetic than by genetic mechanisms [8] . Increasing evidence suggests that bioactive dietary components impact epigenetic processes often involved in the reactivation of tumor suppressor genes, the activation of cell survival proteins and the induction of cellular apoptosis in many types of cancer [11] . In addition to the transcriptional silencing of tumor suppressor genes and protein expression, noncoding miRNAs also regulate the expression of a myriad of cellular proteins by affecting mRNA stability and translation by epigenetic processes in cancer progression [5, 6] . Interestingly, miRNAs can control the expression of various epigenetic modifying enzymes, such as DNA methyltransferases, histone methyltransferases, and HDACs, involved in carcinogenic processes [12, 13] . Recent evidence suggests that bioactive dietary components can target various oncogenic or tumor-suppressive miRNAs to alter the gene expression profile in cancer prevention [14, 15] .
Bioactive Dietary Ingredients and CRC
Diet is a major factor that has multiple effects, including the alteration of both the transcriptome and the metabolome of the host, and thus it may reduce the incidence of CRC by as much as 80% [16] [17] [18] . Metabolites from dietary sources may affect the intestinal mucosa directly from the luminal side or indirectly by affecting the metabolism of the whole body. Some dietary components that are toxic when ingested in excess are also subject to microbial biotransformation in the gastrointestinal (GI) tract, and the metabolites [19] that are produced are assimilated into the circulatory stream, where they may shift the cellular balance towards undesirable situations, such as a susceptibility to or induction of genetic and epigenetic modifications in the cellular genome.
Mounting evidence advocates that some of the gut microbes and their metabolites may, either independently or in conjunction with each other, influence the risk of developing atopic disease [20] . The impact of nutrients on epigenetic alterations in the intestinal mucosa and colonocytes is of paramount interest, as aberrantly methylated nucleotides may serve as prognostic markers for CRC. Since epigenetic changes are potentially reversible, they provide promising targets for preventive as well as therapeutic interventions. Information is increasing on food habits, nutrients, and dietary components and their impact on cellular mechanisms and epigenetics in preventing CRC. Probiotics and prebiotics alter metabolic processes within the lumen of the gut and colonic epithelium, which may prevent carcinogenesis [21, 22] . Such processes include the biotransformation of certain organic compounds to carcinogens, the subsequent hepatic detoxification of these compounds, DNA damage and repair in the epithelium, and apoptosis of damaged cells. Evidence from experimental models shows that aberrant crypt foci are reduced and apoptosis of damaged cells is increased after the administration of probiotics [23] [24] [25] .
Progression of CRC: Alterations in Cellular Genome Organization and Stability
Colon cancer risk is influenced by a balance between health-promoting microbial metabolites and potentially carcinogenic metabolites, such as secondary bile acids. Genomic instability is one of the first steps in the initiation of CRC. There are two major categories of genomic instability in CRC: chromosome instability (CIN) and micro-or minisatellite instability (MIN). Both conditions occur due to defects in the repair and replications of genomic DNA.
CIN refers to a persistent high rate of chromosome missegregation, which leads to alterations in the increase or loss of chromosome numbers in colon cells. CIN may originate from an event in mitosis leading to a chromosome error (like a kinetochore defect, alterations in the spindle apparatus, chromosomal adhesion defect or mitotic spindle checkpoint defect). CIN can also occur due to an error in premitotic phases, such as cellular replication stress that may lead to an aberration in the chromosome structure and dysregulation of the centrosome leading to multipolar mitosis [26] . All these events, plus chromosome pulverization resulting from errors in mitosis, ultimately lead to a damage to the genomic stability of cells and the incorporation of errors in cellular genome replications [27] .
It is evident that p53, a transcription factor and tumor suppressor protein, is crucial in multicellular organisms, and is involved in the regulation and clustering of the centrosome, besides the elimination of aneuploid/polyploid cells. Erroneous cytokinesis and subsequent p53-dependent confiscation of the cell result in the development of polyploidy in a cell, which leads to aneuploid daughter cells via multipolar mitosis [28] . Conversely, the loss of p53 may result in a polyploidy-multipolar mitosis-aneuploid cycle, which is highly detrimental to the genomic stability of the cells.
MIN often refers to repetitive DNA expansions and contractions in the cell [26] . It is caused by imperfections in DNA repair and/or replication, and occurs primarily during G0/ G1, S or G2 phases in the mitotic cell cycle. In addition, a MIN-type chromosomal modification or its underlying causes can also lead to mitotic errors and CIN [29] . Etiologically, CIN is more prevalent than MIN. According to a study by Dunican et al. [30] , CIN was observed in approximately 85% of CRC cases and MIN in the remaining 15%. In addition, CRC contains a median of 76 nonsilent sequence mutations, of which 15 are 'driver mutations' and the rest are 'passenger mutations' [31] , and around 55 aneuploidy events [32] . Epigenetic alterations in colon cancer affect the expression of hundreds of genes.
Probiotics as Versatile Therapeutic Agents
Probiotics, prebiotics and dietary phytometabolites (such as polyphenols, phytoestogens, nonprotein amino acids and saponins, etc.) can alter the gut microbial population and influence the incidence of CRC [2, 19, 33, 34] . Among the beneficial effects of probiotics observed in humans are the stimulation of gut immunity through various mechanisms, prevention of diarrhea and enhanced tolerance to lactose [35] . In addition, lactobacilli have other prohealth attributes, such as the synthesis of vitamin B, the improvement of mineral and nutrient absorption, and the degradation or removal of certain antinutritional phytometabolites [36, 37] . However, the criteria for the selection of probiotics of human gut origin and traditionally fermented foods are somewhat empirical. The selection is based on parameters like enhancing the host endogenous defense mechanisms by ameliorating the humoral immunity, and it is thus promoting the gut immunological barriers [38] . In addition, probiotics have been found to stimulate nonspecific resistance to invading pathogens [39] , thereby aiding in modulating host immunity to harmful antigens with a potential to downregulate hypersensitivity reactions [40] .
Microbial Volatile and Short-Chain Fatty Acids
The expression and regulation of genes is highly dependent on and coordinated by nutrients, micronutrients and microbial metabolites [18, 41] . Fiber and some fermentable oligosaccharides are subjected to gut microbial breakdown, resulting primarily in the production of short-chain fatty acids (SCFAs), i.e, acetate, propionate and butyrate in the general ratio of 60: 25: 15 [42] . In addition, formate, valerate, caproate and branched-chain fatty acids, such as isobutyrate, 2-methylvalerate, and isovalerate, are also produced in low quantities from the catabolism of some branched-chain amino acids [42] .
SCFAs are bioactive molecules and possess anti-inflammatory activities that play a vital role in the regulation of immune functions at the intestinal mucosal surface and are postulated to be important effector molecules with multiple roles. There is evidence for the ability of SCFAs to activate the apoptosis cascade and reduce the risk of cancer [43] . Studies have revealed that polyunsaturated fatty acids and volatile fatty acids usually interact and bestow protection against colon cancer [44, 45] . SCFAs have been found to induce apoptosis, presumably related to epigenetic modification, cell cycle arrest and activation of proapoptotic cellular genes. Although the incorporation of fatty acids into CRC chemotherapy regimens is still in its infancy, evidence is accumulating to allow the identification of the length of fatty acid chains capable of exerting most effectively antineoplastic activity. The data on the effect of butyrate on colon cancer is extensive, but it cannot be considered conclusive. Based on studies on the absorption and metabolism of SCFAs, the daily production of butyrate in the human large bowel is estimated to be more than 200 mmol, which is readily absorbed across mucosa [46] . Based on observations in other species studied, it was inferred that human beings have a larger capacity for absorption and metabolism of SCFAs in the GI tract [46] . Three major pathways are involved in the uptake of butyrate in the GI tract: (1) diffusion of the undissociated form through lipid membranes of the distal colon, (2) countertransportation mediated by bicarbonate ions and (3) paracellular diffusion of the anionic form in the proximal colon [47] . It is believed that butyrate can minimize the incidence of CRC. Clustering of SCFAs within the colonic lumen aids in maintaining a favorable low pH, which is vital for the effectiveness of numerous enzymes and for inhibiting the metabolism of carcinogenic agents in the gut [48] . SCFAs exert several other important health-promoting actions, such as lowering intestinal pH, acting as energy sources for colonocytes, the stimulation of colonic blood flow, contraction of smooth muscle cells, transepithelial chloride secretion and proliferation of colonic epithelial cells through various proliferative stimuli [49] . Evidence shows that dietary fibers and SCFAs lower the incidence of inflammatory bowel disease by decreasing the expression of proinflammatory cytokines induced by nuclear factor kappa B and by stimulating the absorption of sodium and water [50, 51] .
Therapeutic Attributes of Probiotic Metabolites
n-Butyrate is most widely studied as an energy source for colonocytes and as a chemopreventive agent [21, 52, 53] . In addition, n-butyrate is also known to influence cell-specific gene expression in intestinal cells, thereby influencing immune responses and oxidative and metabolic stress [54, 55] . Several lines of evidence indicate that SCFAs may serve as epigenetic drugs or HDAC inhibitors that play an important role as anticancer biomolecules with antiproliferative effects against tumor cells [56, 57] . Sodium butyrate, used as an HDAC inhibitor, inhibits most HDAC enzymes except class III and class II HDAC6 and HDAC10 [58] . Fermented fecal supernatants were found to be rich in butyrate and propionate and to exhibit strong anti-HDAC activity in colon cancer cell lines [59] .
The anti-HDAC activity was attributed to the disruption of processes involved in the generation of dendritic cells from bone marrow stem cells, primarily through associated sodium-coupled monocarboxylate transporter (S1c5a8)-dependent inhibition of HDACs [60] . S1c5a8 is responsible for the transportation of butyrate and propionate into cells, and it is likely that these acids block the development of dendritic cell precursor cells [60] . Cohort studies have been unable to detect significant effects, but most case-control investigations advocate a protective role of probiotics in fermented dairy foods against colon cancer [61] . The majority of the anticarcinogenic effects of butyrate have been observed in vitro using cancer cell lines. In these models, the addition of butyrate has been found to inhibit cellular proliferation and to induce apoptosis, necrosis and differentiation of carcinoma cell lines [62] [63] [64] [65] . Butyrate has also been shown to stimulate a physiological pattern of cellular proliferation in the basal crypts in the colon as well as a reduction in the number and size of aberrant cryptic foci, which serve as earliest detectable neoplastic lesions in colon carcinoma [66] . Butyrate reduces the expression of the genes cyclin D1 and c-myc, which are vital for the development of CRC [67] . An optimal anticancer drug would be one that destroys tumoral cells, but not healthy somatic cells. Butyrate is reported to induce cell cycle arrest, differentiation and/or apoptosis in certain colon cancer cell lines, thus providing further evidence of the potential of gut microbial butyrate to prevent colon cancer [68] . Another important mechanism by which butyrate interferes with colon carcinoma cells is the inhibition of HDAC, which leads to the hyperacetylation of histone residues. The aberrant histone acetylation leads to impaired transcription and silencing of genes involved in the control of cell cycle, differentiation and apoptosis [69] . As an HDAC inhibitor, butyrate increases the expression of p21 (WAFI) by selectively regulating the acetylation of gene-associated histones and by inducing cell cycle arrest at the GI stage [70] .
Probiotic Metabolome and Gut Epigenetic Targeting
Manipulation of the gut ecosystem through dietary probiotics and prebiotics to reduce the risk of colon cancers heralds niche areas of investigation in controlling gut disease [71, 72] . Epigenetic modification, which refers to the methylation of DNA through the covalent addition of a methyl moiety to the nucleotide cytosine, has an important role in the regulation of gene expression. Virtually every step of carcinogenesis or tumorigenesis is dependent on epigenetic modifications in the cellular genome. In the mammalian genome, the majority (90-98%) of CpG sites are methylated, except for certain CpG-enriched areas (CpG islands) that are not methylated. A few genes, called imprinted genes, are regulated by the methylation of CpG islands in their promoter. These genes are precisely replicated but are reversed during inheritance [73] . Hypomethylation of promoters is associated with an increased efficiency of gene transcription. Epigenetic modifications, including histone modification or acetylation as well as gene silencing mediated by noncoding RNAs, have also been noted. In human cancers, including CRC, epigenetic events are of significant concern [73] . The enhanced methylation of cytosine in CpG islands of tumor suppressor gene promoters impairs transcription and is used as a target to manipulate genes involved in the progression of carcinogenesis. Interestingly, epigenetic alterations are reversible, but they have the potential to alter the transcriptome profile. Numerous bioactive dietary components, namely curcumin (turmeric), genistein (some pulses and soybean), gallic acid, ellagic acid and epigallocatechin-3-gallate, polyphenols, and resveratrol (e.g. tea, some vegetables and fruits), and their gut metabolites interact with the cellular genome and metabolome of the host. They alter the methylation and histone acetylation required for the activation or silencing of genes in the cancer therapy or prevention [18, 19, 74, 75] . Probiotics and their metabolites can alter the population composition of gut bacterial species that can, in turn, alter the fermentation metabolites, particularly SCFAs. Miscellaneous biological activities attributed to probiotics could be the result of epigenetic alterations that may explain the wide range of anticarcinogenic effects attributed to probiotics. New findings about the effect of probiotics on the production of SCFAs and about the epigenetic effects of SCFAs will add to the current understanding of the associations between gut symbionts and the management of CRC through dietary interventions.
Future Directions
Researchers and clinicians alike are now realizing the significance of the applications of probiotics as well as bioactive dietary ingredients. Given the increasing commercial and clinical relevance of microbial food supplements, improving their stress tolerance profile and enabling them to overcome the physiological defenses of the host should be a prioritized concern of research.
Recent advances in epigenetics offer a better understanding of the underlying mechanisms of carcinogenesis, and provide insights into the discovery of potential cancer biomarkers for early detection, disease monitoring, prognosis and risk management.
Dietary interventions for preventing colon cancer have recently emerged as viable alternatives to manage colon cancers [2, 34] . It is envisaged that the supplementation of bacterial ingredients with the ability to synthesize anticancer metabolites (e.g. butyrate and anticancer peptides) may confer health benefits in humans. In this sequel, it is desirable to investigate the mechanisms of action by which gut origin microorganisms promote cancer or tumor resistance. Besides, the role of active dietary phytometabolites should also be explored at the cellular as well as molecular level so as to utilize them as nutraceuticals for preventing CRC. The disruption of epigenetic processes can lead to altered gene expression and functions in malignant cells. Formulations of chemopreventive bioactive dietary metabolites as nanoparticulate systems could enhance their bioavailability for targeted colon cancer therapy.
Conclusion
The human population at large is exposed to inevitable critical factors (e.g. unhealthy food habits, chemicals and stresses) leading to the development of serious diseases like colon cancers. Dietary ingredients, gut microflora and their metabolic activities are being considered as one of the most significant environmental determinants that epigenetically influence the host metagenome and gene expression. Predictably, the exploration of epigenetic phenomena is certainly going to offer a novel model in the pursuit of etiological factors in various malignancies associated with environment and nutrition. Consequently, there is an increased need to further promote the interdisciplinary concerted teamwork among researchers and clinicians associated with gut microbiota, metabolomics, metagenomics, host microbial ecology, diet and nutrition, and disease pathogenesis in order to comprehend how these microbial molecules could interact with the (epi)genome and to invent effective therapeutic remedies for cancers, metabolic syndromes, diabetes, obesity, neurocognitive disorders and other malignancies.
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